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Abstract
We discuss the structural, electronic and vibrational properties of an adsorbed CO
monolayer in the presence of liquid water at room temperature, as obtained by ab-
initio molecular dynamics simulations. The water molecules at closest distance from
the substrate form a bi-layer, where they are co-adsorbed at empty surface sites and with
relatively rigid orientation, at the difference with the bulk liquid above. Co-adsorbed
water strengthens the back-bonding to CO, which leads to the red shift of about 40
cm−1. The synergy between the first bi-layer and the bulk liquid induce the further
polarization of the CO bond, which changes the transition dipole and results in the CO
intensity enhancement. It is also verified that no hydrogen bond is effectively present
between CO and bulk water. These findings provide new insight into the physics of the
surface/adsorbate/solvent interface, thus clarifying the experimental observation, to be
exploited for the design of improved catalysts.
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Introduction
Most of the relevant processes in an electrochemical cell occur at solid/liquid interfaces.
Unfortunately, the direct observation of these processes and the characterization of the in-
terfaces under operando conditions are still challenging for both experimental and modelling
approaches.1–4 The fundamental understanding of interfaces at the atomic level would greatly
help in predicting the stability and reactivity of materials and eventually would lead to the
rational tuning of the different components of heterogeneous catalysts. This is the reason
why significant efforts are directed in investigating adsorption and dynamics of adsorbates
at metal and semiconductor surfaces in contact with electrolytes.1–8
Several vibrational spectroscopic techniques, such as surface-enhanced infra-red spec-
troscopy,9 sum-frequency generation spectroscopy,10,11 two dimensional spectroscopic tech-
niques11,12 and attenuated total reflection infra-red spectroscopy (ATR-IR)12–14 can be ap-
plied in detecting changes in molecular structure and environment. However, both surface
sensitivity, to acquire data specifically from the very small portion of interest in a macro-
scopically large condensed matter system, and time resolution, to follow and characterize
reaction processes, are in general not easy to achieve. ATR-IR spectroscopy is ideally suited
for studying molecular vibrations at the solid-liquid interface because the infra-red light is
restricted close to the catalyst surface minimizing the contribution of the bulk liquid phase
to the IR spectrum.15 Platinum is very often used as electrode or catalyst in electrochem-
ical cells, thanks to its catalytic activities and excellent reproducibility. The adsorption of
carbon monoxide (CO) on platinum surfaces in aqueous conditions is of great interest be-
cause of its industrial application in the field of electro-chemistry. Moreover, thanks to the
very specific vibrational properties, CO molecules are often employed as a molecular label.
The apparently simple and well-established system, however, involves an underlying physical
complexity associated with the dynamic nature of solvent and adsorbates at the surface.
The adsorption of CO on Pt(111) is regarded as a relatively simple model system that
can be employed to study fundamental aspects related to variations of the characteristic
2
the spectroscopic signatures due to the environment effects.16–20 CO is known to chemisorb
linearly on surface Pt atoms.21 Bridge adsorption geometries are slightly less stable, and can
be identified by significantly shifted bands in the IR spectrum.13,14,19,20 On the other hand,
it has been experimentally observed that the presence of liquid water modifies measurably
the adsorption of CO on platinum, inducing a red shift and the intensity enhancement of the
stretching mode of the linearly bound CO, together with a decreased ratio between linear and
bridge adsorption geometries. The increased back-donation from metal and a direct inter-
action with water molecules, i.e., hydrogen bonding, have been proposed as possible causes
of the observed spectral differences with respect to the dry conditions.13,14 Two-dimensional
spectroscopic techniques are able to measure different types of spectral correlations, and
using a pump and probe approach can provide information on the evolution over the time
scales determined by the separation between the pulses.22 Kraack et al.12 show a predomi-
nant asymmetric band at 2050 cm−1 and a weak absorbance signal at 1890 cm−1 and also
conclude that the CO molecule mostly binds linearly to Pt also in aqueous solution, while
no measurable CO-CO coupling is revealed. By resolving the 2D line shape of Pt-CO, Xiong
et al.11 find that there is a significant inhomogeneous contribution, suggesting the presence
of a slow component to the vibrational dynamics. Heterogeneity could be caused by some
combination of surface crystallinity and weak hydrogen bonding of water to CO.
In the present work, we address the effect of coverage and of liquid water environment
on the adsorption of CO at the Pt(111) surface by means of ab-initio molecular dynamics
(AIMD) simulations. By monitoring the structural and dynamic properties of water close to
the interface and their correlation to the spectral changes, we are able to answer some open
questions regarding this solid/liquid interface,9–11,13–15,19–21 e.g, the origin of the red-shift and
intensity enhancement of the CO stretching mode,9,13–15 as well as phenomena associated to
the coupling among adsorbates.10,12,23 11,13,14
It is important to notice that the specific structural properties addressed here are deter-
mined by the complex interactions between the metallic surface and the co-adsorbed water
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and CO molecules. Static models24–27 are unsuitable because they do not capture many-body
effects, dynamics of the adsorbates, anharmonicities, temperature effects and an explicit po-
larizable environment. Moreover the resulting spectral signatures are a consequence of the
electronic redistribution and of the related reactivity of the metal surface, which are hard to
capture with more simplistic classical force field approaches. Indeed, both the formation of
the water bi-layer as well as the liquid water rearrangement upon CO co-adsorption could not
be captured by MD simulation driven by classical force fields.28 The choice of AIMD is then
mandatory for a sufficiently accurate description of the interaction between water molecules
and carbon monoxide adsorbed on the platinum surface. Indeed, AIMD has been applied
already to study analogous water/metal interfaces.29–32 In our work we show that the scope
of AIMD can be significantly extended by employing the second generation Car-Parrinello
molecular dynamics (SGCP) scheme.33–35 Thus we propose a simulation protocol that allows
the efficient sampling over long time scales, also for metallic systems and when the explicit
solvent is included. This is obviously a significant advancement since we demonstrate that
with the proposed approach the understanding of the interactions is strongly improved and
can be exploited for the interpretation of the experimental findings.
Methods
All simulations are carried out by means of the CP2K36 program package. The electronic
structure is described at the Kohn-Sham density functional level of theory, within the Gaus-
sian and plane waves (GPW)37 framework. The molecular orbitals of the valence electrons
are expanded into DZVP-MOLOPT-GTH basis sets,38 while the interaction with the cores
is described through Goedecker-Teter-Hutter (GTH) pseudopotentials.39,40 The efficient so-
lution of the Poisson equation within the PBC is obtained in the reciprocal space by the
expansion of the electronic density into a plane-wave basis set truncated at the energy cut-off
of 500 Ry. The resulting orthorhombic simulation cell has dimensions 14.93 × 17.24 × 57
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Å3. All simulations are carried out by keeping the two bottom Pt layers constrained at the
initial coordinates in order to maintain the bulk behaviour of the inner part of the slab. This
strategy is justified by the fast decay of the Pt/adsorbate interaction.
For the choice of the exchange and correlation functional, we have considered the accuracy
in the description of the adsorbed state of the CO molecule on Pt(111) and of the bulk phase
of liquid water. As mentioned above, previous studies have demonstrated that CO is linearly
bounded on Pt, at least at low coverage. However, structure optimisations at the DFT level
of theory give contradictory results depending on the choice of the functional, since some of
them predict bridged/multi-bound configurations as most stable.16,41–47(Details in SI). We
choose the BLYP functional48,49 which is able to reproduce the right hierarchy among the
CO adsorption configurations, and augmented with the Grimme’s D3 dispersion corrections50
equilibrates liquid water at the density of 1.07 kg/m3, i.e., in acceptable agreement with the
experimental conditions and previous calculations.51,52
DFT-based MD simulations are most commonly carried out according to the Born-
Oppenheimer procedure, i.e., by optimizing the electronic structure at each step along the
integration of the equations of motion for the atomic coordinates. This protocol can be sig-
nificantly accelerated by properly propagating the electronic density by ad hoc extrapolation
schemes. However, when metallic electronic structures are involved, the efficiency of the elec-
tronic structure optimization as well as of the extrapolation algorithms rapidly degrades, due
to the infamous charge sloshing problem. The convergence difficulties become even worse by
increasing the system size, due to the divergent eigenvalue spectrum of the charge dielectric
function of metallic systems. This is the reason why AIMD simulations of metals are often
excessively demanding. In order to achieve an extensive sampling by MD, our strategy is
to apply the second generation Car-Parrinello molecular dynamics method,33–35 which has
proven to be accurate and efficient for the extended sampling of large condensed matter
systems, in particular when metallic electronic structures are involved. The SGCP method
has been developed to get the best out of both CP-MD and BO-MD. As BO-MD, it allows
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for large integration time-steps, it includes an adaptive control of deviations from the BO
surface, and it can handle systems with vanishing band-gap. On the other hand, it does not
rely on an iterative self-consistent wave-function optimization scheme, as CP-MD. In spite
of this, the SGCP is also accurate, as its dynamics is almost indistinguishable from BO-
MD, providing that the proper settings are used.33,34 For the propagation of the electronic
degrees of freedom, the always stable predictor corrector scheme by Kolafa53 is set at the
order k = 2. The correction step is obtained by 5 iterations of the orbital transformation
optimisation algorithm.54 Our simulations run SGCP in the canonical ensemble at 300K,
propagating the equations of motion according to the Langevin dynamics, with a time step
∆t = 0.5 fs:
MIR̈I = FBO − (γD + γL)ṘI +ΞI (1)
= FASPC − γLṘI +ΞI (2)
where ΞI = ΞD + ΞL is a random noise obeying the fluctuation and dissipation theorem,
MI is the ionic mass, γL is the Langevin friction coefficient, and γD is the intrinsic friction
coefficient to control the dissipation in SGCP. γL is set at 0.001 fs−1. γD has been adjusted
by running pre-equilibration simulations where the temperature and the conservation of the
total energy have been monitored. It turns out that for a proper thermalisation of the sys-
tem at 300 K, the γD parameter has to be kind-dependent, i.e., we use 5×10−5 fs−1 for Pt,
5×10−5 fs−1 for CO, 2.2×10−4 fs−1 for H2O.






using the program package TRAVIS.55,56 Assuming that the MD sampling is properly ex-
tended, this approach accounts for the contributions from all statistically relevant configu-
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rations, including anharmonic effects.
Within periodic boundary conditions, the total electric dipole moment µ is evaluated
using the Berry phase scheme.57–59 With a side length L and considering only the Γ point




Im ln detS(α) (4)












The Berry phase scheme is used also for the nuclear dipole, by assigning the effective core
charges to the instantaneous nuclear positions.
Results and discussions
The ball and stick representation of the CO/Pt(111) system in the vacuum and covered
by a liquid water film is shown in Fig. 1. The metal slab consists of four (6 × 6) (111)
atomic layers. Four different CO coverages have been simulated, i.e., Θ=0, 0.11, 0.25,
0.50. The CO molecules are initially adsorbed in the linear configurations since previous
experimental and theoretical studies have shown that bridged configurations are less stable
on Pt(111).21 In order to reproduce the proper solvation environment, a film of 134 water
molecules, corresponding to a thickness of approximately 18 Å, is located on the surface.
Since periodic boundary conditions are applied in all three dimensions, a vacuum region of
30 Å is introduced in order to decouple the periodic images in the direction perpendicular
to the slab.
Our discussion on the interface’s properties is based on the analysis of SGCP production
trajectories of 30 ps, which are sufficiently long to guarantee the convergence of the relevant
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Figure 1: Atomistic model representing (a) the monolayer of CO
adsorbed on the Pt(111) slab in vacuum and (b) the same CO/Pt slab
in contact with liquid water. The blue lines delimit the simulation
cell in periodic boundary conditions. Color code: silver spheres are
Pt atoms, cyan C atoms, red O atoms, and grey H atoms.
correlation functions, as the dipole autocorrelation function for the calculation of the IR
spectrum.. We compare four different CO coverages. The clean Pt(111) surface (Θ=0) is the
reference system for the characterization of the water–metal interaction. The rearrangement
of liquid water at this interface is well illustrated by the modifications in the averaged atomic
density distributions of H and O atoms. The plot in Fig. 2 shows the profile of the density
along the normal to the surface (z Cartesian axis), computed as the average density of water
located at a given height from the surface, within an interval of 0.1 Å. The average position
of the surface Pt atoms is set at zero. The density profile shows a first structured layer
at 1.30 Å, closely followed by the second maximum at 2.2 and then a third at 4.3 Å. For
a better characterization of this interface, we have investigated in more details the water
structure as a function of the distance from the metal. In particular, we have computed
the distribution of the O–H bond length and the orientation of the water molecule with
respect to the surface normal, as displayed in the Fig. 3. The orientation is defined in terms
of the angle between the OH bond and the normal to the surface, i.e., cosines close to +1
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correspond to OH pointing outwards (to bulk), cosines around 0 correspond to OH parallel
to the surface, negative values indicate OH pointing towards the surface. As it is expected,
in the bulk region, between 6 and 14 Å from Pt, the O–H bond fluctuates around 0.99 Å,
with a variance of 0.10 Å, and no orientation is preferred, being the cosines homogeneously
distributed between -1 and +1. At the two opposite interfaces, with Pt, between 1 and 6 Å,
and with vacuum, between 14 and 20 Å, the behaviour of the liquid changes.
Figure 2: Left: Density profile of water along the normal to the
surface. Right: snapshot extracted from the AIMD trajectory. Water
molecules belonging to different layers, i.e., at different height from
Pt(111), are distinguished by colour: green denotes molecules in the
first layer, yellow in the second layer, tan in the third layer, while
red/white lines are used for all other molecules. The same colour
code is used in the atomic density plot, to highlight the contributions
from the different layers.
Close to the Pt(111) surface, the mobility of the water molecules is hindered due to the
interaction with the metal. The self-diffusion coefficient obtained from the trajectory (See
Fig.S4 in Supporting Information) based on Einstein relation is about 2.36 ×10−9 m2/s in the
bulk, in agreement with the experimental value60 of 2.57 ×10−9 m2/s, while for the bi-layer
close to the surface it is reduced to 0.38 ×10−9 m2/s. Indeed, within the first water layer,
the molecules are chemisorbed at the surface. The most probable adsorption configuration
is with the O atom atop a Pt atom, slightly elongated OH bonds, which lay with outwards
angles between 60◦ and 80◦, in agreement with previous studies.61 The water molecules of
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Figure 3: Distribution of (a) the intra-molecular O-H bond length
and (b) of the cosine of the angle between OH and the surface normal,
plotted as functions of the height over the clean Pt(111) surface. The
colour code from blue to red indicates increasing probability of finding
the respective value. The distributions are obtained as averages over
all OH and the whole trajectory.
the second layer show only a slight preference for downwards OH orientation, i.e. almost
perpendicular to the surface (negative cosθ), which is associated to the interaction of the
H-end with a hollow site. The resulting bi-layer presents a quite ordered pattern, as shown
in Fig. S5 in Supporting Information, i.e., an ice-like character.29,30 The liquid-like behaviour
is recovered farther from the surface, beyond a depletion region of more than 1.5 Å. Here
the density distribution is broader and shallower, corresponding to about 1.07 kg/m3, and
by the pair distribution function, goo(r), shows the characteristic features of liquid water
(see Fig. S2 in Supporting Information). Exchanges of molecules between the structured
bi-layer at the surface and the bulk liquid are rare events that have not been significantly
sampled along our trajectories (see Fig. S3 in Supporting Information). Beyond 15 Å, the
density decays to zero at the water/vacuum interface (structural details in Fig. 3, Fig. S1 in
Supporting Information and ref.62).
The structural features of the CO adsorption, both in vacuum and with the liquid en-
vironment, are well illustrated by the bond length distributions plotted in Fig. 4. At low
CO coverage of Θ=0.11, only one type of adsorption mode is observed, where each molecule
forms a linear bond via the C-end on top of a surface Pt atom. The correlated C–O and
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C–Pt distance distributions shown in panels (a) and (d) of Fig. 4 confirm the stability of
the atop configuration in vacuum and in liquid environment, respectively. In vacuum, the
average Pt–C distance is 1.864 Å and the average C–O bond is 1.144 Å long. At the aqueous
interface, the average C–O bond is slightly elongated (1.151Å) and the Pt–C distance is
slightly shorter (1.849 Å). From the water density plot in Fig. 5, we also observe that the
characteristic water bi-layer at the interface is still present, even though it contains a reduced
number of molecules because some adsorption sites are occupied by CO. The O atoms of
the first water layer are closer to the surface than the C atoms, while the OH bonds are still
oriented between parallel and slightly outwards. The O atoms of the second water layer are
lower than the O-end of the CO adsorbates, which is then within the depletion layer of the
water film.
Figure 4: C–O vs Pt–C bond length probability distribution obtained
from the MD sampling at different coverages in vacuum (top panels)
and in liquid water (bottom panels). a) and d) are for Θ=0.11, b)
and e) for Θ=0.25, and c) and f) for Θ=0.50. The probability is
represented with a logarithmic scale.
At the higher coverage of Θ=0.25, the atop geometry is still the only one observed in
vacuum, where neither hopping events nor intermediate adsorption configurations at bridge
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or hollow sites are observed. The Pt–C bond length fluctuates between 1.75 and 2.00 Å, while
the C–O bond is between 1.10 to 1.20 Å. On the other hand, in liquid water environment,
besides atop adsorption, both bridge and hollow configurations can be observed. While the
hollow site is only short-lived, being a transient configuration occurring along a hopping
event between two bridge sites, the bridge adsorption site can be rather stable. This is in
agreement with the experimental observation of a downward shift of the linear-to-bridge
ratio from 6.9 to 4.1.14 The molecules occupying bridge sites are characterized by a longer
C–O bond, as well as a longer average Pt–C distance. Hence, their presence appears in
the bond-length distribution plot as a second smaller peak, while the atop distribution gets
narrower (see middle panel of Fig. 4). In the bridge configuration the two Pt–C distances
are longer, but the distance of the molecule from the surface plane is reduced, as shown from
the formation of double peaks in the density distributions. Another evident consequence
of the CO coverage increase is that the structured water bi-layer is progressively modified,
inducing the attenuation of the first density peak as the number of the chemisorbed water
molecules is further reduced.
While for Θ=0.25 only a small portion of CO molecules are found in bridged geometry
and the hopping events are solely induced by the presence of the co-adsorbed water, the
probability increases significantly at higher coverage, also in vacuum. At a coverage of
half a monolayer (Θ=0.5), the two configurations become almost equally probable and the
bond length fluctuations are significantly larger. At this coverage the adsorbates interact
repulsively and become less stable, leading to a disordered pattern. The characteristic water
bi-layer structure has almost vanished, since the numerous CO adsorbates prevent water
from approaching closely the Pt surface, thus suggesting that the enhanced CO mobility is
due to the direct or indirect (through Pt) CO-coupling effects.
From an experimental point of view, this same interface has been investigated by means
of infra-red spectroscopy. Comparing the spectra of CO/Pt(111) in the vacuum and in
liquid water, a red shift of about 35 cm−1 and a fourfold enhancement of the CO stretching
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Figure 5: Left: Atomic density profile computed for each individual
species along the normal to the surface, at the four different cover-
ages, (a)Θ=0.11, (b) Θ=0.25, and (c) Θ=0.50. Right: representative
snapshots extracted from the trajectories generated with the three
different CO coverages. Colour code as in Fig. 2.
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signal have been observed. This effect has been attributed to some form of coupling between
the linearly bound adsorbates and the liquid environment, while the possible presence of
multi-bond geometries seem not to play a relevant role in this respect.12
In order to verify how the different coverages and the corresponding liquid water restruc-
turing at the interface might affect the vibrational properties of the adsorbates, we calculate
the IR spectra from the generated trajectories. The spectra are obtained from the Fourier
transform of the dipole autocorrelation function as described in Eq.3.
(a)
(b)
Figure 6: CO/Pt IR spectra calculated at the coverage of Θ=0.25,
in vacuum (a) and water (b). In (b) the green line represents the
spectrum obtained considering only the CO/Pt subsystem, i.e., by
subtracting the liquid water contribution. Top-right: zoom-in of the
region around the CO stretching mode, where the spectra without
(red) and with (green) liquid water are directly compared.
As discussed above, with coverage Θ=0.25 in vacuum the CO molecules remain stably
bound at atop sites. The resulting IR spectrum plotted in Fig. 6 (top panel) shows a narrow
CO stretching band at 2052 cm−1 and a much less intense signal from the PtC stretching
at 495 cm−1. No significant effects of vibrational coupling due to the adsorbate–adsorbate
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interaction are revealed from our calculations, in agreement with experiment.12
When the system is solvated by water, a few hopping events are observed, corresponding
to atop-to-bridge diffusion or bridge-to-bridge diffusion. These processes are activated by the
interaction of the metal with water. In particular, some molecules approach the surface and
occupy some of the available adsorption sites, thus perturbing the CO layer. Nevertheless,
the large majority of the CO molecules are found at atop sites. Therefore, the IR spectrum
(Fig. 6 bottom panel) is strongly dominated by their contribution. Moreover, the signal due
to the bridged CO molecules overlaps with the water bending band, hence cannot be easily
distinguished. More interestingly, the presence of the liquid induces a ∼20 cm−1 red shift of
the linearly bound CO stretching band, which now lies at 2032 cm−1. A shift is also observed
for the PtC stretching mode, which is found at 484 cm−1.
Table 1 reports the mean CO stretching frequency and the corresponding average bond
length obtained for the three considered coverages in both vacuum and water. At low
coverage, the discussed red shift going from vacuum to liquid environment is associated with
the elongation of the C–O bond length. By increasing the coverage in the vacuum, the
stretching band moves to higher frequencies, i.e., in the opposite direction, whereas in water,
at the relatively high coverage of 0.50, no significant frequency shift is observed with respect
to the dry conditions.
In view of the previous structural analysis, we deduce that the presence of water inter-
acting with the metal at Θ=0.25 causes the red shift, which is then not due to a direct
interaction between solvent and the CO adsorbates, e.g., through the formation of weak
hydrogen bonds.14
In order to verify whether stable hydrogen bonds between water and CO are present, as
previously suggested,11,14 we inspect the O–H pair distribution function, gOH(r), for the O
atoms belonging to the CO adsorbates, and compared it to the same distribution computed
for the Owat. The obtained gOH(r) curves are reported in Fig. 7. It turns out that the closest H
atoms to the OCO are at 2.8 Å, too far to form a hydrogen bond. Moreover, the feature at 2.8
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Å is mainly attributed to the water molecules of the bilayer. Indeed, it flattens significantly
in the case of higher coverage, where the bi-layer has substantially vanished. These results
seem to rule out a role of direct hydrogen bonding to CO to explain the modification of
the IR spectra. Nevertheless, the presence of the correct dielectric environment above the














Figure 7: O–H pair distribution function restricted to the water
oxygen (red) or to the CO oxygen at coverage Θ=0.11 (green), 0.25
(blue) and 0.50 (purple).
Our findings suggest that the red shift is an indirect effect of the chemisorption of water
molecules of the first layer. In the vacuum, the CO is more strongly bound to the metal
and the Pt–C bond is more rigid, which also prevents the diffusion of bridged geometries.
Increasing the coverage, by CO or H2O co-adsorbates, the strength of the adsorption is
reduced, i.e., the Pt–C bond is looser. This allows CO hopping events and determines the
softer CO stretching mode. The given interpretation is also confirmed by the inspection of the
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Table 1: Vibrational frequencies and average bond length of linearly
bound CO for the three considered coverages, in vacuum and in liquid
environment. Frequencies and intensities obtained form CO coverage
of 0.11 with different thickness of water layers. The spectra are pro-
vided in the supplementary information
Coverage
vCO (cm−1) d CO (Å)
vacuum water vacuum water
0.11 2048 2010 1.144 1.151
0.25 2052 2032 1.144 1.150
0.50 2062 2061 1.145 1.148
vacuum 1 layer 2 layers 3 layers water
frequency(cm−1) 2048 2019 2008 2008 2010
intensity(a.u) 0.29 0.28 0.30 0.40 0.67
charge redistribution at the interface from both static calculations and molecular dynamics.
For a detailed inspection of the electronic rearrangements associated with adsorption and
co-adsorption, we have considered a simplified model. In particular, the structure of one CO
adsorbate has been optimized, either alone, or in the presence of one and two co-adsorbed
H2O molecules. For the H2O molecules, positions similar to those observed along the MD
sampling have been taken as an initial guess. For each optimized structure, the vibrational
analysis is performed within the harmonic approximation. The same trend in the frequency
shift, as discussed above, is confirmed by the simplified model. The CO stretching frequency
in vacuum turns out to be 2059 cm−1. By adding one co-adsorbed water molecule a red
shift of 24 cm−1 is measured, while the second water molecule determines a red shift of 54
cm−1. The associated C–O bond elongation is also in agreement with the MD results. The
analysis of the electronic density rearrangement around the CO adsorbate shows that the
presence of the water molecules induces a back transfer of electrons from the metal to the
OCO (the charge density difference is reported in the Supporting Information), while there is
no direct CO/H2O interaction. The electron transfer from the Pt d-band to the anti-bonding
CO molecular orbital is more pronounced because of the presence of the co-adsorbed water
molecules, as also demonstrated by the increased population of the 2π anti-bonding (see
Fig.S9 in Supporting Information). This electron-redistribution weakens the C–O bond.
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The picture emerging from the static simplified model is consistent with the results
extracted from the MD trajectory, by progressively increasing the number of water layers
over the CO/Pt sample, at constant coverage Θ = 0.11. The bottom part of Table 1 reports
the mean CO stretching frequency and the corresponding IR intensity obtained including only
one chemisorbed water layer, the full bi-layer, or also the third layer. It turns out, that the
full bi-layer is needed to recover the correct red shift. However, the additional wetting layer
is required to reproduce the IR intensity enhancement. This can be understood considering
that the O-ends of the adsorbates are located within the depletion region of the water film,
i.e., a partially positively charged region, as shown in Fig. 8. The resulting modulation in


























Coordinate in Z-direction (Angstrom)
Figure 8: Mulliken net charge density as a function Z-coordinate of
the bi-layer water (red line) and water film (green line), the dashed-
lines are the position of CO molecule.
The electronic charge redistribution along the MD trajectory can be efficiently monitored
by means of a population analysis, e.g., by evaluating at each time step the Mulliken charges.
The charge density computed from the Mulliken charges is then integrated within the planes
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parallel to the surface and averaged over the sampled configurations. The resulting profile
along the surface normal can reveal charge transfers through the interface structure. Fig. S7
in Supporting Information displays such a profile computed for the solvated CO/Pt interface
at the coverage of 0.25. We observe the formation of the surface dipole with positive charge
accumulation at the height of the C atoms and negative charge around the O atoms of the
adsorbates.
By restricting the Mulliken density analysis to the water subsystem (trajectory without
the presence of CO/Pt), as shown by the green line in Fig. S7 in Supporting Information, it
appears that large part of the electronic rearrangement occurs within the water bi-layer, while
the bulky part of the film is not significantly involved. Since the bi-layer water molecules
transfer a certain amount of charge to the surface, electrons are back-donated to the nearby
CO anti-bonding states, thus weakening the CO bond.
Conclusions
In this work, we used second-generation Car-Parrinello molecular dynamics to study the
Pt/CO/water interface at room temperature at different CO coverages. From the extensive
sampling of the molecular configurations, relevant vibrational properties of the adsorbate
have been investigated. We address the structural details of the solvent at the interface and
correlate them to the adsorption geometry and to the dynamics of the CO molecules. In
particular, we observe that the structured water bi-layer that is formed at the Pt-surface
is progressively modified by increasing the CO coverage. In agreement with infra-red spec-
troscopy measurements in the aqueous phase, we could reproduce the frequency shift and
the IR intensity enhancement for the samples at lower coverage, up to Θ = 0.25. The de-
tailed analysis of the structure and of the electronic rearrangement at the interface reveals
that the co-adsorption of water molecules and the consequent redistribution of the electrons
among the Pt d-band and the CO antibonding states is at the origin of the CO-stretching
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frequency red shift. On the other hand, the water molecules over the CO adsorbate present
a more liquid-like behaviour and do not directly interact with either the metal or the CO
adsorbate. Nevertheless, the presence of the bulk liquid environment determines the charac-
teristic electrostatic conditions that are at the origin of the transition dipole enhancement
and IR intensity increase.
We have demonstrated that the proper modelling of such a complex interface by ad-
vanced AIMD techniques such as the SGCP approach is now feasible. The consideration
of the electronic structure and the explicit solvent, together with the extended dynamical
sampling under specific thermodynamic conditions, provide the required improved insight
into the physics of the system at a molecular level. This approach is then suitable to address
even more complex materials, helping to achieve a better understanding and control of their
properties.
Supporting Information Available
The additional configurations, computational details, and charge analysis are given in Sup-
porting Information.
This material is available free of charge via the Internet at http://pubs.acs.org/.
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